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Introduction {#sec001}
============

The plant hormone abscisic acid (ABA) plays major roles in the process of seed germination and plant adaptation to abiotic stresses \[[@pone.0148572.ref001]--[@pone.0148572.ref003]\]. Under stress conditions, expression of the ABA biosynthesis genes are induced, leading to enhanced synthesis of endogenous ABA \[[@pone.0148572.ref004]\]. Up to date, numerous *Arabidopsis* mutants that could germinate even in the presence of high concentrations of ABA have been identified. Among them, ABI1 (phosphatase ABA-INSENSITIVE 1) and ABI2 negatively regulate ABA signaling during seed dormancy and germination \[[@pone.0148572.ref005],[@pone.0148572.ref006]\]. Whereas ABI3 (B3 type), ABI4 (AP2 type) and ABI5 (bZIP type, basic region leucine-zipper) are transcription factors that restrain growth when the germinating seeds confront adverse growth conditions \[[@pone.0148572.ref007]--[@pone.0148572.ref009]\]. PP2C (phosphatase 2C) cooperates with PYR (pyrabactin resistance)/PYL (PYR1-like), also called RCARs (regulatory components of ABA receptors), in ABA signal perception \[[@pone.0148572.ref010],[@pone.0148572.ref011]\]. When plants encounter unfavorable environmental signals, endogenous ABA binds to PYR/PYL proteins and inhibits the phosphatase activity of ABI1 and ABI2, leading to the accumulation of phosphorylated protein kinase SnRK2s (Snf1-related protein kinase), followed by subsequent phosphorylation of ion channels or ABA-responsive transcriptional factors, such as AREB1, AREB2 and ABF3 \[[@pone.0148572.ref012],[@pone.0148572.ref013]\].

In the *Arabidopsis* genome, 45 *NHL* (*NDR1/HIN1-like*) genes that are homologous to *NDR1* (non-race-specific disease resistance) or *HIN1* (harpin-induced) genes have been identified \[[@pone.0148572.ref014]--[@pone.0148572.ref017]\]. Their functions in pathogen perception have been extensively studied. Overexpression of *NHL2* in *Arabidopsis* resulted in elevated expression of *PR1* (pathogenesis-related gene 1) and light-dependent 'speck disease-like' symptoms in the leaves of transgenic plants \[[@pone.0148572.ref016]\]. Expression of *NHL3* and *NHL25* caused pathogen-dependent mRNA accumulation, while the overexpression of *NHL3* increased resistance to *Pseudomonas syringae* pv. *tomato* DC3000 in transgenic *Arabidopsis* \[[@pone.0148572.ref018]\]. *NHL10* was up-regulated during *Cucumber mosaic virus* infection \[[@pone.0148572.ref017]\]. Altered phloem export and sugar partitioning was seen in *Arabidopsis* as a result of higher expression of *NHL26* \[[@pone.0148572.ref019]\]. Interestingly, among these reported *NHL* genes, expression of *HIN1* and *NHL10* was also up-regulated in senescent leaves \[[@pone.0148572.ref017],[@pone.0148572.ref020],[@pone.0148572.ref021]\]. Since the process of leaf senescence mimicks the gradual dehydration of plants under drought stress condition \[[@pone.0148572.ref022]\], the possibility that *NHL* genes participate in ABA or abiotic stresses has been taken into account in our study.

We analyzed the published microarray data related to *NHL* genes in the *Arabidopsis* genome \[[@pone.0148572.ref023],[@pone.0148572.ref024]\], and found that the expression level of both *NHL29* and *NHL6* increased more than three times in the senescent leaves or ABA treated seedlings ([S1A Fig](#pone.0148572.s001){ref-type="supplementary-material"}). *NHL29* is identical to HAB2 (Hypersensitive to ABA 2), one of the key components for ABA signal perception \[[@pone.0148572.ref025]\]. Therefore, we deduced that *NHL6* might also take part in ABA signaling in *Arabidopsis*. In this work, we provide direct evidence that *NHL6* is a key regulator for both ABA- and abiotic stress-mediated responses during seed germination and early seedling development in *Arabidopsis*.

Materials and Methods {#sec002}
=====================

Plant Growth and *nhl6* Mutant Isolation {#sec003}
----------------------------------------

All *Arabidopsis thaliana* materials are Columbia-0 (Col-0) ecotype. The T-DNA insertion mutants were bought from the *Arabidopsis* Biological Resource Center. Dr. Kazuo Shinozaki and Dr. Eiji Nambara from RIKEN Plant Science Center generously provided us the *abi1-1C* and *abi5-7* mutants. *abi3-8* was kindly provided by Prof. Chuanyou Li (Institute of Genetics and Developmental Biology, Chinese Academy of Sciences, Beijing, China). Plants were grown in the greenhouse as described previously \[[@pone.0148572.ref026],[@pone.0148572.ref027],[@pone.0148572.ref028]\]. For *nhl6* (SALK_148523) T-DNA insertion identification, the T-DNA border of *nhl6* was identified using the T-DNA left-border primer LBa1 and two *NHL6* gene-specific primers NHL6F and NHL6R ([S1 Table](#pone.0148572.s006){ref-type="supplementary-material"}). Homozygous *nhl6* mutant was identified by PCR to confirm the disruption of *NHL6* endogenous gene and RT-PCR to confirm the disruption of gene expression. *ACTIN2* was used as an internal control.

NHL6 Promoter-β-Galactosidase (GUS) Construct and Histochemical Analyses {#sec004}
------------------------------------------------------------------------

*NHL6* promoter-GUS construct was generated by amplifying the 1532 bp 5\'-flanking DNA of *NHL6* coding region with the *NHL6* promoter specific primers PrNHL6-F and PrNHL6-R ([S1 Table](#pone.0148572.s006){ref-type="supplementary-material"}), and cloned into the pBlueScript SK- vector for sequence confirmation. The *Bam*HI-*Sal*I fragment from pBlueScript SK- subclone was inserted into the same sites in the pCAMBIA1381Z vector (pCAMBIA) to obtain the ProNHL6::GUS vector. The construct was transformed into wild-type *Arabidopsis* (Col-0 ecotype) plants as described previously \[[@pone.0148572.ref029]\].

For GUS expression assay, seedlings and different tissues from seedlings or plants at different developmental stages were collected and stained with 5-bromo-4-chloro-3-indolyl-D-glucuronide for 24 hours. They were then incubated in 75% ethanol to remove chlorophyll as described previously \[[@pone.0148572.ref030]\].

Transgenic Vector and Plant Transformation {#sec005}
------------------------------------------

For *nhl6* mutant complementation, construct was generated by amplifying the 3.3 kb genomic DNA sequence including the 1532 bp DNA fragment upstream the predicted ATG start codon of *NHL6*. The full-length genomic sequence of *NHL6*, and the 527 bp 3'UTR was amplified by PCR from *Arabidopsis* genomic DNA with primers gNHL6-F and gNHL6-R, and cloned into the pCAMBIA1300 binary vector between the *Bam*HI and *Sal*I sites. The open reading frame of *NHL6* from the pBlueScript SK- subclone was inserted into a modified pCAMBIA2301 vector via the *Bam*HI and *Sal*I restriction sites driven by two copies of the *CaMV* 35S promoter, to be used as an overexpression vector. The resultant constructs were separately introduced into the *Agrobacterium GV3101* strain. Wild-type or *nhl6 Arabidopsis* plants were transformed as described previously \[[@pone.0148572.ref029]\]. Transgenic plants were screened on MS medium containing 50 μg/ml kanamycin or hygromycin. Primers used were listed in [S1 Table](#pone.0148572.s006){ref-type="supplementary-material"}.

Germination Assay {#sec006}
-----------------

We grew all the plants side by side to minimize the deviation. At least 100 seeds of each line were used for each experimental treatment, and three biological replicates were performed for statistical analyses. For each comparison, seeds were sown on the same plate containing MS medium with 2% sucrose and 0.8% agar, supplemented with or without different concentrations of ABA, NaCl or mannitol as indicated. Plates were stratified at 4°C for 3 d and moved to 22°C with 16h/light and 8h/dark cycles in a growth chamber. The percentage of seed germination was scored every 12 hours for 4 days. Germination rate was defined as the obvious emergence of radicles through the seed coats. The effect of ABA on germination greening is defined as that the cotyledons have obviously expanded and turned green. The data was recorded four days after they were moved to the growth chamber. Different batches of seeds were used in the germination assays.

ABA Content Measurements {#sec007}
------------------------

Four-day-old seedlings of wild-type, *nhl6* and *NHL6* overexpressing lines grown on MS medium supplemented with or without 200 mM NaCl or 400 mM mannitol were harvested at the same time. Plant materials were immediately put into liquid nitrogen and ground into fine powder, and then extracted in a buffer of 80% methanol, 0.5g/L citric acid and 0.1g/L butylated hydroxytoluence for 12 hours at 4°C. After centrifugation at 2000 rmp, the supernatant was vacuum dried and dissolved in Tris-saline buffer (25mM Tis, 100mM NaCl, 1mM MgCl~2~, pH 7.5). ABA concentration in the solution was determined using the Phytodetek ABA immunoassay kit (Agdia, Inc., Elkhart, IN) according to the manufacture's protocol.

RT-PCR and Quantitative Real-Time PCR Analyses {#sec008}
----------------------------------------------

Gene expression levels were analyzed using quantitative real-time PCR (qRT-PCR) as described previously \[[@pone.0148572.ref028]\]. All the analysis was performed in the CFX Connect real-time PCR detection system using an AceQ qPCR SYBR Green Master Mix (Vazyme Biotech, China). Results were normalized to the reference gene *ACTIN2* using the ΔΔCt method. Each experiment was repeated three times. Primers used in this study are listed in [S1 Table](#pone.0148572.s006){ref-type="supplementary-material"}.

Transient Transcription Dual-Luciferase Assay {#sec009}
---------------------------------------------

To generate the ProNHL6::LUC reporter construct for the dual-luciferase assays, the 1532 bp promoter region of *NHL6* was digested from the pBlueScript SK- subclone and inserted into the *Bam*HI and *Sal*I sites of pGreenII0800-LUC. To generate the CaMV 35S promoter driven transcriptional factor effector constructs, *AREB1*, *AREB2*, *ABF3* or *ABI5* were digested from the pBlueScript SK- subclones and inserted into the *Bam*HI and *Sal*I sites of the pGreenII62-SK, respectively.

Transient dual-luciferase assays in *Arabidopsis* protoplasts were performedand checked using dual luciferase assay reagents (Promega, Shanghai, China) as described previously \[[@pone.0148572.ref028],[@pone.0148572.ref031]\].

NHL6 Subcellular Localization and Co-Localizaion Analyses {#sec010}
---------------------------------------------------------

Foe subcellular localization of NHL6, N-terminal fusion construct 1300S-YFP-NHL6 was introduced into *Agrobacterium tumefaciens* strain *GV3101* and infiltrated into the leaves of *N*. *benthamiana*. After 48 hours, the epidermis of infiltrated leaves was examined for YFP signals under a Zeiss 510META confocal laser scanning microscope. The filter settings are as follows: YFP: Ex 514 nm / Em BP 535 to 600 nm; chlorophyll: Ex 488 nm / Em LP 650 nm.

The GFP-NHL6 and GFP-AtTLP11 fusion protein were transiently expressed in *Arabidopsis* protoplasts \[[@pone.0148572.ref032],[@pone.0148572.ref033]\]. For co-localization of NHL6 and AtTLP11, GFP and mCherry were respectively fused to the N-terminal and C-terminal to result in the GFP-NHL6 and AtTLP11-mCherry vectors. Equal amounts of GFP-NHL6 and AtTLP11-mCherry plasmids were used for co-transformation. The transformed *Arabidopsis* protoplasts were analyzed at wavelength 488 nm for GFP-NHL6 or GFP-AtTLP11 expression and at wavelength 559 nm for AtTLP11-mCherry expression using a confocal microscope (Olympus FluoView1000, confocal microscope). pA7-GFP was used as a positive control \[[@pone.0148572.ref034]\].

Statistics {#sec011}
----------

All data in this work were obtained from at least three independent experiments with three replicates each. Data were analyzed using one-way analysis of variance (ANOVA) followed by Duncan\'s multiple range test (P \<0.01).

Results {#sec012}
=======

*NHL6* Is Induced by ABA and Different Stress Treatments {#sec013}
--------------------------------------------------------

Like the *NDR1*/*HIN1* genes, the expression of most *NHL* genes is induced by biotic stress such as pathogen infection \[[@pone.0148572.ref016]--[@pone.0148572.ref018]\]. To explore the possible roles of *NHL* family genes in plant response to abiotic stresses, we searched the published microarray data \[[@pone.0148572.ref023],[@pone.0148572.ref024]\] and found 45 *NHLs* in the *Arabidopsis* genome. Different from the other family members, *NHL6* showed very high expression in senescent leaves ([S1A, S1B and S1D Fig](#pone.0148572.s001){ref-type="supplementary-material"}), and was strongly induced by ABA ([S1A and S1C Fig](#pone.0148572.s001){ref-type="supplementary-material"}). Since ABA plays a prominent role in abiotic stress adaptation and senescence, we assumed that *NHL6* might function in plant response to ABA and abiotic stress.

As a first step to understand the possible biological function of *NHL6*, we performed qRT-PCR (quantitative real-time reverse transcription-PCR) and examined its expression pattern in wild-type *Arabidopsis*. *NHL6* is ubiquitously expressed in seedlings and various tissues, including roots, stems, rosette leaves and flowers ([Fig 1A](#pone.0148572.g001){ref-type="fig"}). However, the most abundant *NHL6* mRNA was present in seeds, roots and senescent leaves ([Fig 1A](#pone.0148572.g001){ref-type="fig"} and [S1D Fig](#pone.0148572.s001){ref-type="supplementary-material"}). To assess the promoter activity, we also generated *NHL6* promoter-β-glucuronidase (GUS) reporter vector and introduced it into wild-type *Arabidopsis* plants. Consistent with the qRT-PCR results, GUS was also expressed in seedlings and various tissues ([Fig 1B](#pone.0148572.g001){ref-type="fig"}).

![Expression pattern of *NHL6* in wild-type (Col-0) *Arabidopsis*.\
(A) qRT-PCR analyses of *NHL6* transcripts. cDNA derived from germinating seeds and the indicated organs of six-week-old wild-type plants was used as templates. Seeds were floated on MS medium and vernalized at 4°C for 3 days before being sowed. *ACTIN2* was used as a reference gene for normalization of expression and the transcript level in 72-hour-old seedlings was set as 1.0. Error bars represent SD (*n* = 3). R, root; St, stem; RL, rosette leaf; Fl, flower. (B) ProNHL6-β-glucuronidase (GUS) expression in transgenic *Arabidopsis* plants. Histochemical GUS staining was carried out at different germinating stages and in various tissues of *NHL6* promoter-GUS transgenic plants. 1d, an one-day-old seedling, scale bar = 0.1 mm; 2d, a two-day-old seedling, scale bar = 0.1 mm; 3d, a three-day-old seedling, scale bar = 0.1 mm; 5d, a five-day-old seedling, scale bar = 2 mm; 14d, a fourteen-day-old seedling, scale bar = 2 mm; Ro, a rosette leaf, scale bar = 5 mm; In, an inflorescence, scale bar = 5 mm; Fl, a flower, scale bar = 1 mm. (C) qRT-PCR analyses of *NHL6* expression were conducted after treatments with distilled water (H~2~O), 200 mM NaCl, 100 μM ABA, 400mM mannitol or drought for indicated time intervals. *ACTIN2* was used as a reference gene for normalization of expression and the transcript level in untreated seedlings at 0 hour was set as 1.0. Error bars represent SD (*n* = 3). Two-week-old seedlings grown on MS media were used for the treatments.](pone.0148572.g001){#pone.0148572.g001}

The microarray data showed that *NHL6* expression can be induced by ABA ([S1A and S1C Fig](#pone.0148572.s001){ref-type="supplementary-material"}). Therefore, we examined the expression level of *NHL6* after ABA and different stress treatments. qRT-PCR analyses demonstrated that expression of *NHL6* was strongly induced by ABA, mannitol and drought, and slightly induced by NaCl ([Fig 1C](#pone.0148572.g001){ref-type="fig"}). All these results suggest that *NHL6* is an ABA and abiotic stress inducible gene.

*NHL6* Knockout Mutant Is Insensitive to ABA during Seed Germination {#sec014}
--------------------------------------------------------------------

To further determine the possible function of *NHL6* in *Arabidopsis*, we ordered a mutant line (*nhl6*) that harbors a T-DNA insertion in the first exon of *NHL6* from ABRC (*Arabidopsis* Biological Resource Center) ([Fig 2A](#pone.0148572.g002){ref-type="fig"}). Homozygous *nhl6* mutant plants were first identified by PCR with genomic DNA as template ([Fig 2B](#pone.0148572.g002){ref-type="fig"}). As confirmed by RT-PCR analyses using *NHL6*-specific primers, T-DNA insertion abolished the expression of *NHL6* in *nhl6* ([Fig 2C](#pone.0148572.g002){ref-type="fig"}).

![Molecular identification and ABA insensitivity of *nhl6* mutant.\
(A) Schematic diagram of T-DNA insertion in *nhl6* mutant. Exons and intron are depicted to scale by boxes and line, respectively. The coding region of *NHL6* is shown as black boxes. The position of T-DNA is indicated by triangle. (B) PCR analysis to confirm the disruption of *NHL6* gene by T-DNA insertion. The positions of primers F and R are indicated in (A). *ACTIN2* was used as a native control. (C) RT-PCR analyses of *NHL6* gene expression in wild-type Col-0, homozygous *nhl6* knockout mutant, and the complemented *ProNHL6*::*NHL6*/*nhl6* transgenic lines 1, 2, 3 and 5 (com1, 2, 3, 5). Total RNA was isolated from the rosette leaves of four-week-old plants. Expression of *ACTIN2* (*ACT2*) was analyzed as an internal control. (D-F) Seeds of Col-0, *nhl6* and the complemented *ProNHL6*::*NHL6*/*nhl6* transgenic lines 1, 2, 3 and 5 were sowed on MS medium supplemented with or without 1μM ABA. Photographs were taken after one week. (G) Statistical analyses of seed germination greening ratio in Col-0, *nhl6* and *ProNHL6*::*NHL6*/*nhl6* transgenic line 1 (com1). After the vernalization, seeds on MS medium plates were transferred to a growth chamber and cultured for 7 days. Values are means ±SE, n = 3 independent experiments. (H) Germination time course (hours after incubation at 22°C) of Col-0, *nhl6* and *ProNHL6*::*NHL6*/*nhl6* transgenic line 1 on MS medium supplemented with 1 μM ABA. (I) Germination rates of Col-0, *nhl6* and *ProNHL6*::*NHL6*/*nhl6* transgenic line 1 after 2 days at 22°C in the presence of different concentrations of ABA. Col-0, closed circles; *nhl6*, open squares; com1, closed squares. Results are presented as average values and standard errors from three experiments. At each time, at least 100 seeds were counted.](pone.0148572.g002){#pone.0148572.g002}

When grown on normal MS medium, *nhl6* plants did not show any visible phenotypic changes. The germination and subsequent growth of *nhl6* seedlings were similar to that of the wild-type plants ([Fig 2E](#pone.0148572.g002){ref-type="fig"}). However, *nhl6* was insensitive to ABA treatment compared to wild-type. Germination greening ratio ([Fig 2D--2G](#pone.0148572.g002){ref-type="fig"}) and germination rate ([Fig 2H](#pone.0148572.g002){ref-type="fig"}) in the wild-type were significantly inhibited by 1 μM ABA, but the inhibition in *nhl6* was less severe. More detailed analyses of germination rates under different concentrations of ABA were performed. Germination of wild-type seeds was significantly inhibited at 0.5μM ABA, more than 85% of *nhl6*, but less than 65% of wild-type seeds germinated ([Fig 2I](#pone.0148572.g002){ref-type="fig"}). To determine whether the observed phenotypic change was indeed caused by the disrupted expression of *NHL6*, we generated four independent complementary lines ([Fig 2C](#pone.0148572.g002){ref-type="fig"}). A 3.3 kb genomic DNA fragment containing the complete coding region (with intron) and putative promoter of *NHL6* was introduced into homozygous *nhl6* plants. Such a genomic fragment restored the expression of *NHL6* and rescued the ABA-insensitive phenotype in all *nhl6* complementary lines ([Fig 2F](#pone.0148572.g002){ref-type="fig"}). Therefore, complementary line 1 (com1) was chosen for detailed germination greening ratio ([Fig 2G](#pone.0148572.g002){ref-type="fig"}) and germination rate assays ([Fig 2H and 2I](#pone.0148572.g002){ref-type="fig"}). All these results from the complementation analyses confirmed that the observed mutant phenotypes were due to the disruption of *NHL6* gene.

Transgenic Plants Overexpressing *NHL6* Are Hypersensitive to ABA, NaCl and Osmotic Stress {#sec015}
------------------------------------------------------------------------------------------

To further understand the function of *NHL6*, we produced transgenic *Arabidopsis* plants overexpressing *NHL6*. Expression of *NHL6* in transgenic plants was driven by the 35S cauliflower mosaic virus (CaMV) promoter \[[@pone.0148572.ref035]\]. At least twenty independent transgenic lines (T~1~ generation) were obtained. Ten lines were grown to produce seeds and all transgenic lines showed similar growth phenotype on MS medium when compared with the wild-type plants under normal condition. Therefore, two representative homozygous lines (3 and 6) were chosen for further experiments. RT-PCR and qRT-PCR analyses confirmed the overexpression of *NHL6* in both transgenic lines ([Fig 3A and 3B](#pone.0148572.g003){ref-type="fig"}). *NHL6* overexpression did not cause any significant phenotypic changes in the transgenic plants when grown on normal MS medium ([Fig 3C](#pone.0148572.g003){ref-type="fig"}) as seen previously in the *nhl6* mutant. However, seeds of both transgenic lines (3 and 6) were hypersensitive to ABA as compared to the wild-type ([Fig 3C, 3D and 3E](#pone.0148572.g003){ref-type="fig"}). The time course of germination was also determined, and the results further supported the conclusion that mutation of *nhl6* renders the seedlings insensitive while overexpression of *NHL6* renders the seedlings hypersensitive to ABA ([Fig 3F](#pone.0148572.g003){ref-type="fig"}). Therefore, *NHL6* appears to act as a positive regulator in ABA-mediated seed germination inhibition.

![Hypersensitivity of transgenic plants overexpressing *NHL6*.\
(A, B) RT-PCR and qRT-PCR analyses of *NHL6* expression level in Col-0, *nhl6* and *35S*::*NHL6* overexpressor lines 3 and 6. *ACTIN2* was used as a reference gene for normalisation of expression and the transcript level in Col-0 was set as 1.0. Error bars represent SD (*n* = 3). (C, D) ABA-mediated inhibition of seed germination greening. Seeds of Col-0, *nhl6* and *35S*::*NHL6* overexpressor lines 3 and 6 were vernalized at 4°C for three days on MS medium, and then transferred to a growth chamber. Photographs were taken after one week. Scale bar = 5 mm. (E) Germination rates on MS medium supplemented with different concentrations of ABA for 2 days. (F) germination time course on MS medium supplemented with 1 μM ABA. Col-0, closed circles; *nhl6*, open squares, *35S*::*NHL6-3*, open rhombuses; *35S*::*NHL6-6*, closed triangles. Results are presented as average values and standard errors from three experiments. At each time, at least 100 seeds were counted.](pone.0148572.g003){#pone.0148572.g003}

*NHL6* expression is not only induced by ABA, but also slightly induced by salt and highly induced by mannitol and drought treatments ([Fig 1C](#pone.0148572.g001){ref-type="fig"}). Therefore, we examined the seed germination rates of wild-type, *nhl6* and *35S*::*NHL6* overexpression lines on MS medium supplemented with different concentrations of NaCl and mannitol. Although the germination rate of *nhl6* seeds was similar to that of wild-type seeds ([Fig 4A--4D](#pone.0148572.g004){ref-type="fig"}), *35S*::*NHL6* seeds were hypersensitive to high salt (250 mM NaCl) ([Fig 4A and 4B](#pone.0148572.g004){ref-type="fig"}) and osmotic stress (400mM mannitol) ([Fig 4C and 4D](#pone.0148572.g004){ref-type="fig"}).

![Germination and abiotic stress-mediated ABA accumulation in Col-0, *nhl6* and *35S*::*NHL6* overexpressor lines.\
(A, C) Germination rates on MS medium supplemented with different concentrations of NaCl or mannitol for 2 days. (B, D) Germination time course on MS medium supplemented with 250mM NaCl or 400mM mannitol. Col-0, closed circles; *nhl6*, open squares, *35S*::*NHL6-3*, open rhombuses; *35S*::*NHL6-6*, closed triangles. Results are presented as average values and standard errors from three experiments. (E) Germination rates on MS medium supplemented with 100 μM NF (norflurazon, an inhibitor of ABA biosynthesis) and 200 mM NaCl or 400 mM mannitol. Seed germination rates were scored after 2 days at 22°C. Results are presented as average values and standard errors from three experiments. At each time, at least 100 seeds were counted. (F) ABA content assays in four-day-old seedlings of Col-0, *nhl6* and *35S*::*NHL6* overexpressor lines grown on MS medium or MS medium supplemented with 200mM NaCl or 400 mM mannitol. Results shown are means of two independent experiments. Asterisks indicate significant differences from the corresponding control values at \*0.01 \< P \< 0.05 and \*\*P \< 0.01 using the Student's *t*-test.](pone.0148572.g004){#pone.0148572.g004}

Overexpression of *NHL6* Stimulates Endogenous ABA Production {#sec016}
-------------------------------------------------------------

It has been well documented that high salt or hyperosmotic stress can induce ABA production in plants \[[@pone.0148572.ref001],[@pone.0148572.ref036]\]. Therefore, the hypersensitive response of *35S*::*NHL6* seeds to these abiotic stresses could be caused by improved endogenous ABA accumulation. To understand whether this is an ABA-dependent process, norflurazon (NF) (Supelco, Bellefonte, PA, USA), an inhibitor for ABA biosynthesis, was added into the germination medium. Under normal condition, 100 mM NF did not affect the germination of wild-type (Col-0), *nhl6* or *35S*::*NHL6* seeds in a six-day germination assay ([Fig 4E](#pone.0148572.g004){ref-type="fig"}). However, on medium supplemented with 200 mM NaCl or 400 mM mannitol, seed germination of *35S*::*NHL6* was severely inhibited. Only 50% of wild-type seeds, and less than 15% and 22% of the *35S*::*NHL6* seeds germinated on the salt and mannitol medium ([Fig 4E](#pone.0148572.g004){ref-type="fig"}). By contrast, in the presence of 100 mM NF, the germination rates of wild-type, *nhl6* and the *35S*::*NHL6* seeds under the NaCl and mannitol exposure were restored to more than 73% and 90%, respectively ([Fig 4E](#pone.0148572.g004){ref-type="fig"}). These results suggested that salt and osmotic stress exerted their inhibitory effect on *35S*::*NHL6* seed germination through ABA biosynthesis. Therefore, we further measured ABA content and ABA biosynthesis gene expression in the four-day-old seedlings of wild-type, *nhl6*, and *35S*::*NHL6* grown on MS medium or MS medium supplemented with 200 mM NaCl or 400 mM mannitol. Indeed, compared to the wild-type and *nhl6*, both *35S*::*NHL6-3* and *35S*::*NHL6-6* accumulated more ABA upon treatment with 200 mM NaCl or 400 mM mannitol ([Fig 4F](#pone.0148572.g004){ref-type="fig"}). And, the expression levels of multiple ABA biosynthesis genes were significantly higher in the *35S*::*NHL6* overexpression plants, especially after they were treated with salt stress ([Fig 5](#pone.0148572.g005){ref-type="fig"}). These results indicated that the hypersensitive response to salt and osmotic stresses of *NHL6* overexpression lines is ABA-dependent. Therefore, *NHL6* plays a role not only in the regulation of ABA sensitivity, but also in the biosynthesis of ABA under abiotic stress conditions.

![qRT-PCR analyses of ABA biosynthesis genes in Col-0, *nhl6* and *35S*::*NHL6* overexpressor line 6.\
Seven-day-old seedlings grown on MS were treated with water or 200 mM NaCl for 6 hours. The expression levels of ABA biosynthesis genes *NCED3*, *AAO3*, *ABA3* and *AAO2* were examined. *ACTIN2* was used as a reference gene for normalisation of expression and the transcript level in untreated Col-0 was set as 1.0. Error bars represent SD (*n* = 3). Asterisks indicate significant differences from the corresponding control values at \*0.01 \< P \< 0.05 and \*\*P \< 0.01 using the Student's *t*-test. (*n* = 3).](pone.0148572.g005){#pone.0148572.g005}

*NHL6* Is Transcriptionally Regulated by AREB1, AREB2 and ABF3 {#sec017}
--------------------------------------------------------------

To understand whether *NHL6* is involved in ABA signal transduction, we investigated the expression level of *NHL6* in ABA signal deficient mutants. We found that compared to the wild-type (Col-0), *abi3-8*, *abi4-1* and *abi5-7* mutants, ABA induced *NHL6* expression was evidently cut down in the *abi1-1C* mutant ([Fig 6A](#pone.0148572.g006){ref-type="fig"}), implying that ABA signal transduction mediated by *ABI1* is required for ABA induced expression of *NHL6*.

![AREBs and ABF3 activated the expression of *NHL6*.\
(A) *NHL6* mRNA levels in various ABA signal deficient mutants. Two-week-old seedlings grown on MS medium were treated with 100 μM ABA for 6 hours. *NHL6* expression was examined by qRT-PCR analyses after the treatments. *ACTIN2* was used as a reference gene for normalisation of expression and the transcript level in the untreated Col-0 seedlings was set as 1.0. Error bars represent SD (*n* = 3). (B) ABA induced *NHL6* expression was significantly blocked in the *areb1areb2abf3* triple mutant (base on the published data by Yoshida *et al*. 2010). (C) Schematic diagram of the vector structure of effectors and reporter used in transient assays. (D) Transient assays of ProNHL6::LUC expression. 35S::REN-NHL6::LUC reporter construct was transiently expressed in Arabidopsis protoplasts together with the control vector, 35S::AREB1, 35S::AREB2, 35S::ABF3 or 35S::ABI5 effectors, respectively. The expression level of REN was used as an internal control. LUC/REN ratio represents the relative activity of the *NHL6* promoter. Data are values of three independent experiments. Asterisks indicate significant differences from the corresponding control values at \*0.01 \< P \< 0.05 and \*\*P \< 0.01 using the Student's *t*-test. (*n* = 3).](pone.0148572.g006){#pone.0148572.g006}

Transcriptional factors AREB1, AREB2 and ABF3 have been reported to collaborate with each other to regulate ABA signal transduction through binding to the ABRE (ABA-responsive element) motifs in the promoter region of their target genes \[[@pone.0148572.ref013]\]. We found that ABA induced *NHL6* expression was enormously reduced in the *areb1areb2abf3* triple mutant ([Fig 6B](#pone.0148572.g006){ref-type="fig"}). By searching through PlantCare, a database of plant *cis*-acting regulatory elements and a portal to tools for in silico analysis of promoter sequences \[[@pone.0148572.ref037]\], one ABRE motif was identified in the promoter region of *NHL6*. Therefore, we postulated that transcription of *NHL6* may be regulated by these transcriptional factors. To verify this postulation, we performed transient transcriptional activity assays in *Arabidopsis* protoplasts using *ProNHL6*::LUC (firefly luciferase-coding gene driven by the *NHL6* promoter) as a reporter, and *AREB1*, *AREB2*, *ABF3* or *ABI5* (negative control) driven by the 35S promoter as effectors ([Fig 6C](#pone.0148572.g006){ref-type="fig"}). We found that AREB1, AREB2 and ABF3, especially AREB1, all induced the expression of LUC, but ABI5 did not ([Fig 6D](#pone.0148572.g006){ref-type="fig"}). These results suggest that AREB1, AREB2 and ABF3 could regulate the expression of *NHL6*.

NHL6 Moves from Plasma Membrane to Cytosol in Response to ABA {#sec018}
-------------------------------------------------------------

NHL6 is predicted to be a plasma membrane localized protein with its N-terminal part in the cytoplasm ([S2A Fig](#pone.0148572.s002){ref-type="supplementary-material"}). This prediction was validated by the expression of YFP-NHL6 fusion protein in tobacco leaf epidermal cells ([S2B Fig](#pone.0148572.s002){ref-type="supplementary-material"}). Transient expression of GFP-NHL6 and GFP-AtTLP11, and co-expression of GFP-NHL6 and AtTLP11-mCherry (plasma membrane protein) in *Arabidopsis* protoplasts testified that GFP-NHL6 was localized to the plasma membrane ([Fig 7A and 7B](#pone.0148572.g007){ref-type="fig"}). Further analyses revealed that GFP-NHL6 is localized only to the plasma membrane under normal conditions. When treated with abiotic stress reagents such as ABA, NaCl and mannitol, GFP-NHL6 was released from the plasma membrane into the cytosol ([Fig 8](#pone.0148572.g008){ref-type="fig"}), but GFP-AtNSR3, a plasma membrane protein \[[@pone.0148572.ref033]\], was not ([S4 Fig](#pone.0148572.s004){ref-type="supplementary-material"}).

![Subcellular localization and co-localization of NHL6 and AtTLP11.\
(A) Confocal microscopic analyses of GFP signals from Arabidopsis mesophyll protoplasts transiently expressing GFP, GFP-NHL6 or GFP-AtTLP11 fusion protein as indicated. Images of the GFP signal (green), bright field, chlorophyll fluorescence (red), and overlay (green plus red) from the same cell were shown. Scale bar = 10 μm. (B) Confocal microscopic analyses of GFP or mCherry signals from Arabidopsis mesophyll protoplasts transiently co-expressing GFP-NHL6 and AtTLP11-mCherry fusion proteins. Images of GFP signal (green), mCherry fluorescence (red), merged (green plus red) and overlay from the same cell were shown. Scale bar = 10 μm.](pone.0148572.g007){#pone.0148572.g007}

![Osmotic-stress triggers the release of GFP-NHL6 from the plasma membrane.\
*Arabidopsis* protoplasts were transformed with GFP-NHL6 plasmid and incubated in dark at 23°C for 12 h. Protoplasts were then treated with 50 μM ABA, 0.3 M NaCl or 0.4 M mannitol for 1 h. Bar = 20μm.](pone.0148572.g008){#pone.0148572.g008}

Previous studies have indicated that NHL family proteins may homo-dimerize probably to gain an active state \[[@pone.0148572.ref017],[@pone.0148572.ref038]\]. Our BiFC experiments using YN-NHL and YC-NHL6 showed that indeed NHL6 also interacted with itself ([S3 Fig](#pone.0148572.s003){ref-type="supplementary-material"}). All these results demonstrate that NHL6 may play a function in abiotic stress response and ABA biosynthesis and/or signaling.

Discussion {#sec019}
==========

Although the functions of *NDR1/HIN1* and its homologous *NHL* gene family in disease associated biotic stress signaling have been extensively studied \[[@pone.0148572.ref014]--[@pone.0148572.ref018]\], little is known about their possible roles in ABA and abiotic stress-mediated response in plants. Here, we show that *NHL6*, a member of the *NHL* gene family, is involved in ABA signaling pathway during seed germination and early seedling development in *Arabidopsis*.

We observed that *NHL6* was predominantly expressed in seeds and senescent leaves, and its expression was strongly induced by ABA, mannitol and drought stress ([Fig 1A and 1C](#pone.0148572.g001){ref-type="fig"}). When we compared the germination of wild-type (Col-0), *nhl6* and *35S*::*NHL6* overexpression lines on MS medium supplemented with different concentrations of ABA, ABA-insensitive phenotypes were observed in *nhl6* ([Fig 2](#pone.0148572.g002){ref-type="fig"}), whereas *35S*::*NHL6* overexpression lines were hypersensitive to ABA, NaCl and mannitol (Figs [3C--3F](#pone.0148572.g003){ref-type="fig"} and [4A--4D](#pone.0148572.g004){ref-type="fig"}). The hypersensitivity of *35S*::*NHL6* overexpression lines to NaCl and mannitol can be largely due to the increased endogenous ABA accumulation. We observed that under high salt or hyperosmotic stress condition, more ABA was produced, which in turn probably inhibited the seed germination in transgenic plants. Application of ABA biosynthesis inhibitor norflurazon (NF) rescued the hypersensitivity to NaCl and mannitol in the transgenic plants reinforcing the idea that ABA was responsible for inhibition of seed germination ([Fig 4E](#pone.0148572.g004){ref-type="fig"}). Furthermore, we found higher ABA levels in both *35S*::*NHL6* overexpression lines 3 and 6 ([Fig 4F](#pone.0148572.g004){ref-type="fig"}), and the expression of several ABA biosynthesis genes was also highly induced by abiotic stress in the *35S*::*NHL6* overexpression plants ([Fig 5](#pone.0148572.g005){ref-type="fig"}). All these results suggest that the inhibited seed germination in transgenic plants was caused by the increased endogenous ABA accumulation.

ABA induced *NHL6* expression was dramatically restricted in *abi1-1C* ([Fig 6A](#pone.0148572.g006){ref-type="fig"}), and significantly blocked in the *areb1areb2abf3* triple mutant ([Fig 6B](#pone.0148572.g006){ref-type="fig"}). Our study with *ProNHL6*::LUC system showed that AREB1, AREB2 and ABF3 all induced the expression of LUC ([Fig 6D](#pone.0148572.g006){ref-type="fig"}), indicating that AREB1, AREB2 and ABF3 are required for the ABA-induced *NHL6* expression. Therefore, ABA signaling appears to be also involved in the ABA induced expression of *NHL6*, and the increased sensitivity to ABA in the *35S*::*NHL6* overexpression plants could be a result of both increased ABA production and altered ABA signaling.

The function of most proteins is closely related with their sub-cellular localizations. Consistent with the reported plasma membrane localization of NDR1, CaNDR1 and NHL3 \[[@pone.0148572.ref038],[@pone.0148572.ref039],[@pone.0148572.ref040]\], NHL6 is also localized to the plasma membrane, as confirmed by transient co-localization of GFP-NHL6 and mCherry-AtTLP11 in the *Arabidopsis* protoplasts ([Fig 7](#pone.0148572.g007){ref-type="fig"}). Previous studies have demonstrated that abiotic stresses such as salt and mannitol could translocate the GFP-tagged AtTLP3 Tubby domain (GFP-CT-AtTLP3Δ1--115) or GFP-AtTLP fusion protein from plasma membrane into the cytosol \[[@pone.0148572.ref033],[@pone.0148572.ref041]\]. The observation that abiotic stress reagents could induce the translocation of GFP-NHL6 from plasma membrane to cytosol ([Fig 8](#pone.0148572.g008){ref-type="fig"} and [S4 Fig](#pone.0148572.s004){ref-type="supplementary-material"}) indicates that NHL6 translocation responds to various reagents, implying that NHL6 could play a role in osmotic stress in *Arabidopsis*.

Late embryogenesis abundant (LEA) proteins, which accumulate at the late embryogenesis stage to counteract dehydration, were first discovered in cotton (*Gossypium hirsutum*) seeds \[[@pone.0148572.ref042]\]. LEA proteins are highly expressed when plants were subject to abiotic stress conditions such as salt, cold and drought \[[@pone.0148572.ref043],[@pone.0148572.ref044]\]. The predicted structural homology of NDR1 to LEA14 underlies the potential role of NHL family proteins in abiotic stress responses \[[@pone.0148572.ref045]\]. As predicated using SMART \[[@pone.0148572.ref046],[@pone.0148572.ref047]\], NHL6 harbors a LEA_2 domain at its C-terminal part. Coincidently, *NHL6* accumulates at high levels in the seeds, and its expression gradually decreases as the germination proceeds ([Fig 1A and 1B](#pone.0148572.g001){ref-type="fig"}), which might explain why no significant difference was observed when five-day-old seedlings of *nhl6* and *35S*::*NHL6* were transferred to high concentration of NaCl and mannitol ([S5 Fig](#pone.0148572.s005){ref-type="supplementary-material"}). Therefore, similar to the LEA proteins, NHL6 may also be required for the maintenance of seed dormancy under unfavorable conditions.

Taken together, our findings suggest that *NHL6* could function in one or several signal transduction pathway(s) by affecting ABA biosynthesis and signaling. Although the precise mode of the action of *NHL6* in plant response to ABA and abiotic stress is still intangible, the results of our study provide direct evidence that altered expression of *NHL6* can significantly modify ABA sensitivity and biosynthesis in transgenic plants. Further studies using genetic and biochemical strategies may help to open out how NHL6 collaboratively or counteractively works with itself or with other components to affect seed germination and early seedling development in *Arabidopsis*.
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